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Abstract. We analyse the integrated properties of the 
Mid-IR emission of a complete, optically selected sample 
of galaxies in the Virgo cluster observed with the ISO- 
CAM instrument on board the ISO satellite. The ISO- 
CAM data allows us to construct the luminosity distribu- 
tion at 6.75 and 15 /im of galaxies for different morpholog- 
ical classes. These data are used to study the spectral en- 
ergy distribution of galaxies of different type and luminos- 
ity in the wavelength range 2000 A- 100 fim. The analysis 
shows that the Mid-IR emission up to 15 /im of optically- 
selected, normal early-type galaxies (E, SO and SOa) is 
dominated by the Rayleigh- Jeans tail of the cold stellar 
component. The Mid-IR emission of late- type galaxies is 
instead dominated by the thermal emission from dust. 
As in the Milky Way, the small dust grains emitting in 
the Mid-IR have an excess of emission if compared to big 
grains emitting in the Far-IR. While the Far-IR emission 
of galaxies increases with the intensity of the interstel- 
lar radiation field, their Mid-IR emission is non-linearly 
related to the UV radiation held. The spectral energy dis- 
tributions of the target galaxies indicate that there is a 
linear relationship between the UV radiation held and the 
Mid-IR emission of galaxies for low or intermediate activi- 
ties of star formation, while the emission from the hot dust 
seems to drop for strong UV fields. The Mid-IR colour of 
late-type galaxies is not related to their activity of star 
formation. 

The properties of the dust emission in the Mid-IR seem 
more related to the mass than to the morphological type 
of the target galaxy. Since the activity of star formation is 
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anticorrelated to the mass of galaxies, this reflects a rela- 
tionship between the emission of dust in the Mid-IR and 
the UV radiation field: galaxies with the lowest Mid-IR 
emission for a given UV field are low mass, dwarf galax- 
ies. These observational evidences are easily explained if 
the carriers of the Unidentified Infrared Bands that dom- 
inate the 6.75 /Ltm emission are destroyed by the intense 
UV radiation field of dwarf galaxies, although abundance 
effects can also play a role. 

Key words: Galaxies: general- Galaxies: ISM- Galaxies: 
spiral- Infrared: galaxies- Infrared: ISM: continuum 



1. Introduction 

The bulk of the infrared (IR) emission of the interstellar 
medium (ISM) of galaxies is due to the thermal emission 
of the dust heated by the interstellar radiation field. Stel- 
lar photons are absorbed by the interstellar dust and re- 
cmittcd in the IR from ~ 4 /im to ~ 1 mm. The dust 
emitting in the Far-IR (A ^ 70 /im) is probably composed 
of big grains (with a linear radius r ^ 200 A) of graphite 
and silicate in thermal equilibrium with the UV and opti- 
cal photons of the interstellar radiation field (Desert et al. 
1990] Dwek et al. |1997[). In the range 10 /im <, A <, 70 /im 



the emission is usually dominated by very small, three di- 
mensional grains (VSG) mostly composed of graphite (10 
Ajs r Si 200 A), absorbing mainly in the UV, whose emis- 
sion is however not n egligible also at sho rter wavelengths 
(Desert et al. |l990| ; Dwek et al. |l997|) . In the range 3 



fxm <J A Ss 15 /im the emission of the interstellar medium 
is generally dominated by the Unidentified Infrared Emis- 
sion Bands (UIB). The carriers of the UIBs and associ- 
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ated continuum, often called Polycyclic Aromatic Hydro- 
carbons (PAHs) although this assignment is uncertain, are 
heated stochastically by absorption of single photons and 
temporarily reach very high temperatures, at which most 
of the emission occurs (Desert et al. 1990; Dwek et al. 



1997) 



The knowledge of the dust emission properties of the 
ISM strongly increased in the last years thanks to the 
large amount of data obtained by the IRAS satellite, which 
made an all-sky survey in 4 different filters, at 12, 25, 60 
and 100 ^m. More recently, the ISO satellite is provid- 
ing higher quality data in the spectral range ~ 3 fim < 
A < 200 fim. In order to analyse the properties of the 
IR emission of different classes of objects and/or of sin- 
gle galaxies, the ISOCAM and the ISOPHOT consortia 
constructed a coordinated program of observations of an 
optically selected, complete sample of late-type galaxies 
in the Virgo cluster. This sample, which includes a large 
number of galaxies of different morphological type and lu- 
minosity, has been selected to be used as a reference for 
other studies. Furthermore the sample includes objects in 
the centre and in the periphery of the cluster in order to 
study the effects of the environment on the dust emission 
and on the evolution of galaxies. Because all the selected 
galaxies are at the same distance, the construction of a 
reference sample is quite direct. 

The selected sample has been observed entirely with 
CAM and partly with PHOT and LWS. In this paper 
we report on the integrated properties of the galaxies ob- 
served with CAM, thus in the spectral range 3 fim < A < 
20 fim. Prelimin ary res ults have been already published 
in Boselli et al. (1997a, Paper I) and Boselli & Lequeux 



Ql997p . The data, the analysis of the relationship between 
the star formation activity and the Mid-IR emission of the 
few resolved galaxies and the study of the effects of the 
environment on the properties of the dust emission of late- 
type galaxies will be discussed in future papers (Boselli et 
al. , in preparation). The purpose of the present paper is to 
present a reference for other ISOCAM observations. The 
sample is described in Sect. 2; a brief description of the 
observations and of the data reduction is given in Sect. 3. 
In Sect. 4 we analyse the Mid-IR luminosity distribution 
of the target galaxies, their spectral energy distribution 
(SED), and the relationships between the Mid- and Far- 
IR emission of galaxies of different types and luminosities. 
The discussion and the conclusions are given in Sect. 5. 



2. The sample 

The select ed sample is extensively described in Boselli et 
al. ([I997b ). Briefly, the sample has been extracted from 
t he V irgo Cluster Catalogue (VCC) of Binggeli et al. 
(|1985|) which is complete to By = 18 mag. It includes all 
galaxies with morphological type later than SO, with By 
< 18 mag, c lassified as cluster members by Binggeli et al. 
( |l985| ; |l 993 ) . Because of time limitations, the sample has 



been restricted to include only galaxies within a projected 
distance of 2 degrees from M87, thus belonging to the core 
of the cluster, and comparison objects in the cluster pe- 
riphery. The cluster periphery is at an angular distance 
larger than 4 degrees from the position of the maximum 
projected galaxy density given by Sandage et al. (1985), 
but excluding galaxies within 1.5 degrees of the M49 sub- 
cluster. The total sample includes 117 objects with mor- 
phological types between SO/a and Im and BCDs. Because 
of the low visibility of the Virgo cluster during the ISO 
mission and because of the low detection rate of small 
galaxies with ISOCAM, the 18 Im and BCDs in the clus- 
ter core could not be observed. The resulting sample is 
still unbiased but includes only 99 objects, with 26 spirals 
in the cluster core, and 73 spirals, irregulars and BCDs 
in the cluster periphery. The observed sample thus consti- 
tutes an optically-selected, volume-limited complete sam- 
ple, ideal for statistical analyses. A few early-type galaxies 
were serendipitously observed in some of the fields. These 
do not constitute a complete sample in any sense, but 
because of their random selection, they can be used as 
an unbiased reference sample of early-type objects. Given 
the different densities of galaxies and of the intergalactic 
medium of the two selected regions, the observed sample 
can be used to study the effects of the environment on 
the dust properties of galaxies. However we show in Sect. 
4.1 that the integrated Mid-IR fluxes of the spirals are 
not significantly affected by the environment, so that the 
present sample is a true reference sample. 

3. Observations and data reduction 

A complete description of the observations and data re- 
duction will be presented in a forthcoming paper (Boselli 
et al., in preparation). The observations were part of the 
ISO Central Program: all galaxies were observed during 
one of the few visibility windows of the Virgo cluster dur- 
ing the ISO mission, in the summer of 1996. The 32x32 
pixel long-wavelength camera was used to make a raster 
map covering largely the galaxy, with a shift (then over- 
lap) of 16 pixels between successive positions. The pixel 
size was 6" x 6". 3x3 rasters were made for galaxies with 
the smallest angular dimensions, while larger rasters were 
adopted for giant or extended objects. The elementary in- 
tegration time was 2 seconds, with 16 to 20 integrations 
per position. To minimize the effects of transients of the 
detector on the flux calibration of the source, 40 to 70 inte- 
grations per position were used in the first raster position 
every time the background was expected to change sig- 
nificantely from the previous target, thus for significantly 
different pointings and for different filters. In order to min- 
imize the overhead time for galaxy pointing and for the 
stabilisation of the detector, galaxies were observed in a 
concatenated mode, with a complete sequence of observa- 
tions of 5-10 nearby galaxies in a given (and fixed) filter. 
All galaxies were observed in 2 filters, LW2 (A = 6.75 fim, 
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AA=5.00- 8.50 H and LW3 (A = 15.0 /im, AA=12.0- 
18.0 /im)_ Images were reduced following the standard 
CIA/IDLE! procedures available at the ISOCAM center 
at the CEA in Saclay: images were dark-subtracted, flat- 
fielded, deglitched, corrected for the transient response 
of the detector, and combined. The total fluxes were de- 
termined using the IMCNTS routine in IRAF/Xray af- 
ter subtraction of the sky background; counts were trans- 
formed in fluxes using the conversion factors given in the 
ISOCAM manual. The absolute fluxes are believed to be 
accurate to within 30%, mainly due to calibration errors, 
but the relative fluxes of the observed galaxies are cer- 
tainly more accurate. The detection rate is 70% at 6.75 
/im and 55% at 15.0 /jm (see Table 1). Note that none of 
the Im galaxies have been detected. For undetected galax- 
ies, an upper limit has been determined as: 



Table 1. Statistics and detection rate for the observed galaxies 



Fi 



limit(X) 



(i) 



where a\ is the background noise per pixel at a given A. 
We thus assume that a galaxy has an extended emission 
(5x5 pixels, or 30 x 30 arcseconds). 

4. The Mid IR emission of galaxies 

In this section we analyse the Mid-IR integrated prop- 
erties of the observed galaxies by comparing the CAM 
observations to data at other wavelengths: Far-IR data at 
60 an d 100 /im are taken from IRAS (Thuan & Sauvage 



1992 ), ncar-I R magnitudes and optical data from Boselli 



et al. ( 1997b ) and Boselli (in pre parat ion), and UV data 
at 2000 A from Deharveng et al. ( gtjgj ), Donas et al. 1998 
(in preparation) and references therein. 

4-1- Mid-IR luminosity distribution 

Since the observed sample is complete, it can be used to 
determine the luminosity distribution of galaxies of dif- 
ferent types in the Mid-IR. The poor statistics for early- 
types and the low detection rate for the dwarf irregulars 
(see Table 1), allow us to determine a reliable luminosity 
distribution only for spirals. 

The Mid-IR luminosity distribution at 6.75 and 15 /im 
is shown for different morphological classes in Fig. la and 
b. Sm and Amorphous galaxies are included in the spiral 
class, while the Sm/BCD and the Im/BCD are included in 
the BCD class. The Mid-IR luminosities have been com- 
puted as: 

L v = AttD 2 F v 5 v (2) 

where 8 V is the filter width; at 6.75 (<56.75m"i = H-57 10 12 
Hz) and 15 /im (£i5^ m = 5.04 10 12 Hz) L v is given by: 



= 47rD 2 F 6 .75 Mm 2.724 x 10 2 L G 



© 



(3) 



1 CAM Interactive Analysis, CIA, is a joint development by 
the ESA Astrophysics Division, and the ISOCAM Consortium 
led by the ISOCAM P.I., C. Cesarsky, Direction des Scienecs 
de la Matiere, CEA, France 
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*: serendipitously observed in the field of nearby selected galax- 
ies **: one of the 22 Sc galaxies (VCC 1018), serendipitously 
observed in the field of a nearby target, is not a cluster member 
and will not be used in the following analysis. 



and 



= 47r£> 2 Fi 5Mm 1.184 x 10 2 L© 



(4) 



where D is the distance in Mpc (we adopt 17 Mpc for 
Virgo, as recently determined from Cephcid distances ob- 
served with the HST; see for a recent review van den 
Bergh, 1996), and ^6.75^™ and Fi5 Mm are the fluxes at 
6.75 and 15 /im, in mJy. 

As shown by Sandage and collaborators ( 1985j ) , the op- 
tical luminosity function of spiral, elliptical and SO galax- 
ies in the Virgo cluster ends at Bt = 16 mag, while dwarfs 
reach lower magnitudes. Our sample being complete to Bp 
= 18 mag, since includes all the Virgo spirals in the limited 
observed volume. 90 % and 82 % of the observed spirals 
(Sa-Sd-pec-Amorph.) are detected at 6.75 and 15 /Ltm re- 
spectively, the Mid-IR luminosity distribution shown in 
Fig. 1 can be taken as representative at least for the spi- 
ral population. Spiral, elliptical and SO galaxies have Mid- 
IR luminosities ranging from some 10 6 to 10 9 solar lumi- 
nosities both at 6.75 and 15 /im, while dwarfs have Mid- 
IR luminosities generally lower than 10 7 L@. In order to 
compare galaxies of different size and mass we construct 
the normalized Mid-IR luminosity distribution by divid- 
ing the Mid-IR fluxes of the target galaxies by the flux 
in the near-IR K' band, which is a good indicator of the 
total mass of galaxies (Gavazzi et al. 1996, see Fig. la 



and b). The K' flux (in mJy) is defined as: 
F K '(mJy) = 0.63 x 10 6 x i - K ' ma gc/2.5 



(5) 
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Fig. 1. The Mid-IR luminosity distribution at 6.75 fim (left column) and the one normalized to the flux in the K' band 
(right column) for detected (dashed line, shaded histogram) and undetected (full line, empty histogram) galaxies of different 
morphological type. 11 Ims and 3 BCDs with no K' magnitudes are excluded from the normalized luminosity distribution. 



where K'magc is the K' magnitude corrected for extinc- 
tion. The K' magnitudes have been obtained by integrat- 
ing along circular annuli the NICMOS 3 images of the tar- 
get galaxies to the optical diameter at the 25 mag arcsec -2 
isophote, as described in Boselli et al. (1997b). As for the 
Mid-IR data, the K' magnitudes are not extrapolated val- 
ues; they represent the total emission of the galaxy. As 



indicated in Table 1, this can be done for all the selected 
spirals and early-types, but K' magnitudes are not avail- 
able for a few Ims and BCDs with B > 16.0 (see Boselli 
et al. 



1997b) 



We checked the influence of the environment by com- 
paring the luminosity distribution of galaxies in the clus- 
ter core to that of galaxies in the periphery. Since dwarf 
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Fig. 2. The Mid-IR luminosity distribution at 15.0 fim (left column) and the one normalized to the flux in the K' band 
(right column) for detected (dashed line, shaded histogram) and undetected (full line, empty histogram) galaxies of different 
morphological type. 11 Ims and 3 BCDs with no K' magnitudes are excluded from the normalized luminosity distribution. 



galaxies have been observed only in the periphery of the 
cluster (see Sect. 2), the present test was performe d onl y 
for spirals (Sa-Sm). A survival analysis (Isobe et al. 1986), 



done to take into account upper limits, has shown, at 
least to the first order, no statistically significant differ- 
ences between the normalized Mid-IR emission of spirals 
in the core and in the periphery of the cluster. This result 



can be deduced by the inspection of Fig. 2, where the log 
F6.75 M m/K' and log Fi 5 . 0Mm /K' are plotted versus the an- 
gular distance from the cluster centre (for type Sa-Sm). 
Galaxies in the core of the cluster have mean values of log 
F 6 .75 M m/K' = -0.35 ± 0.38 and log F 15 . 0/jm /K' = -0.52 ± 
0.59, while galaxies in the periphery have log F6.75 Mm /K' 
= -0.22 ± 0.37 and log Fi 5 . ^ ro /K' = -0.27 ± 0.50. The 
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results of the analysis on the effects of the environment 
on the Mid-IR emission of galaxies will be presented in a 
forthcoming paper (Boselli et al., in preparation). 

To summarize, while the Mid-IR emission (per unit 
mass) of the spirals and later systems are comparable, the 
average 6.75 and 15 fim to K' flux ratio of E, SO and SO/a 
galaxies is significantely lower than that of spirals. At 15 
/tm, where the difference is clearer, spirals have on average 
a Mid-IR emission per unit mass higher by more than one 
order of magnitude than E-SO/a. BCD galaxies have, on 
average, a Mid-IR emission per unit mass comparable to 
that of spirals. If Im galaxies had a Mid-IR emission per 
unit mass comparable to that of spirals, their low lumi- 
nosities would make them undetectable by ISOCAM. 
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Fig. 3. The relationship between the log F6.75/jm/K' (down) 
and log Fi5.o M m/K' (up) and the angular distance from the 
cluster centre for galaxies of type Sa-Sm. Galaxies in the core 
are all objects with an angular distance from the cluster centre 
< 2 degrees. Empty dots are for undetected objects. 



4-2. The spectral energy distribution 

We constructed the spectral energy distribution (SED) 
from the UV at 2000 A to the Far-IR at 100 /zm for all 
the detected galaxies. They include, in order of increas- 
ing wavelength, UV data at 2000 A, U (3650 A), B (4440 
A), V (5500 A), J (1.25 /xm), H (1.65 /tm) and K' (2.10 
/im) photometry, 6.75 /on (ISOCAM), 12 /im (IRAS), 15 
/im (ISOCAM), 60 and 100 /im (IRAS) data. Optical and 
near-IR magnitudes are values integrated to the optical 
diameter at the 25 mag arcsec -2 isophpte, determined as 
described in Gavazzi & Boselli (1996). □ Optical and near- 
IR data for spiral galaxies with type < Sd are corrected for 
galactic and internal extinction as described in Gavazzi & 
Boselli ( |1996|) . As shown by Buat & Xu (|l996j ), the extinc- 
tion for galaxies with type > Sd is ~ 0.2 mag in the UV at 
2000 A, thus only ~ 0.1 mag at optical wavelengths and 
even smaller in the near-IR. For this reason we prefer to 
not apply any internal extinction correction for Sd-Sm-Im 
and BCD galaxies. 

Buat & Xu ( |1996|) have shown that at 2000 A the ex- 
tinction is low (~ 0.9 mag), even in bright spirals; this is 
confirmed by the lack of relationship between the UV/K' 
flux ratio and the inclination of the sample galaxies, that 
we have checked. Because of the large uncertainty in the 
determination of the extinction in the UV, we prefer to 
adopt uncorrected values. 

In order to compare the SED of galaxies with differ- 
ent luminosities, all fluxes are normalized to the near-IR 
K' flux and displayed in order of increasing morphologi- 
cal type (see Fig. 3). To estimate the contribution of the 
cold stellar component to the Mid-IR emission of the tar- 
get galaxies, we plot for reference in Fig. 3 a black body 
at 3500 K adjusted on the peak of the emission of the 
cold stellar component, which is generally in the H band 
(dashed line). 



As described in Gavazzi et al. ( 1996 ), the peak of the 
stellar emission is in the near-IR for massive, early-type 
spirals, while it moves to shorter wavelengths in late-type, 
low luminosity systems. The UV emission is only impor- 
tant in the latter objects (Gavazzi et al. 199E). The Mid- 



IR emission of early-type spirals can be partly due to the 
Rayleigh- Jeans tail of the cold stellar component at least 
at 6.75 /im. The Far-IR emission of spirals and dwarfs 
seems correlated with the presence of young stars emit- 
ting in the UV. The Scds and the Sms have the highest 
Mid-IR emission per unit mass, while lower-luminosity 
Ims and BCDs, which are characterised by a stronger UV 
radiation field, have on average a 6.75 and 15 /tm emis- 
sion comparable to that of Sc galaxies. In all spirals and 
dwarfs the flux density at 6.75 /im is comparable to that 
at 15 /im. In the few early-type objects (Ellipticals, SO 



2 For the few galaxies (5) with optical aperture or CCD pho- 
tometry not available in the B band we used the photographic 
magni tudes from the Virgo Cluster Catalogue of Binggeli et al. 
(|1985|) 
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Fig. 4. The spectral energy distribution of the detected galaxies displayed in order of increasing morphological type. The dashed 
line indicates a black body at 3500 Kelvin. The VCC name and the morphological type is given for each galaxy. 



and SO/a) the flux density at 15 (im is significantely lower 
than that at 6.75 /im and seems to follow the Rayleigh- 
Jeans tail of the cold stellar component. From this we 
conclude that the Mid-IR emission is dominated by the 
emission of the stars, as also shown by the analysis of the 
Mid-IR/Far-IR colour-colour relation (Boselli & Lequeux 



1997; Madden et al. 1997) 



In Table 2 we list the average values (in logarithmic 
scales) of the 6.75 /im to K', 15 /im to K' and 6.75 to 15 
/im flux ratios for the early-type objects in our sample. 

The average value found for the early-type sample of 
Virgo galaxies listed in Table 2 is similar to that deter- 
mined for the SO VCC 1978 (NGC 4649), whose 6.75 /im 
diffuse emission, contrary to spiral galaxies, is not associ- 



8 



A. Boselli et al.: Mid-IR emission of galaxies in the Virgo cluster: II. Integrated properties. 



-2 



1 1 1 I 1 1 1 1 I 1 1 1 1 I 
VCC 1999 

Sa 
K' = 9.30 







1 



2 



- -2 - 



1 1 1 I 1 1 1 1 I 1 1 
VCC 2070 

Sa 
K' = 7.33 







1 



-2 



1 1 1 I 1 1 1 1 I 1 
VCC 836 

Sab 
K' = 7.97 







1 



- -2 - 



1 1 1 I 1 1 1 1 I 1 1 
VCC 1110 

Sabpec 
K' = 6.73 







1 



too 
o 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 

VCC 1690 
Sab(s) „ 



K' = 6.63 



-1 







1 



-2 



2 



1 1 1 I 1 1 1 1 I 1 1 1 1 I 

VCC 1043 

Sbtides 

K' = 6.83 ■ 
m 

wm 

•/ 



o 



l 



- 2 - 



- - 



1 1 1 I 1 1 1 1 I 1 1 1 
VCC 1727 

Sab(s) 
K' = 6.35 



-1 







1 



- -2 - ! 



1 1 1 I 1 1 1 1 I 1 1 
VCC 912 

SBbc(rs) 
K' = 9.47 







1 



2 



1 1 1 I 1 1 1 1 I 1 1 
VCC 1326 
SBa(s) 

K' = 9.92 m 



-1 



l1_l 





1 



-2 



1 1 1 I 1 1 1 1 I 1 1 
VCC 66 
SBc(s) 

K' = 8.84 



1 







1 



2 



- 2 - 



- - 



1 1 1 I 1 1 1 1 I 1 
VCC 857 
SBb(sr) 
K' = 8.02 



-1 







1 



- -2 - 



1 1 1 I 1 1 1 1 I 1 1 
VCC 664 

Sc 
K'=11.15 

Jr/' *%« ■ 







1 



2 



1 1 1 I 1 1 1 1 I 1 
VCC 692 

Sc(s) 
K'=10.13 



-1 







2 



- 2 - 



- - 



1 1 1 I 1 1 1 1 I 1 
VCC 809 

Sc 
K*=12.00 



-1 







2 



1 1 1 I 1 1 1 1 I 1 1 
L VCC 873 
Sc 

K' = 8.36 



-1 



2 



- 2 - 



- - 



-1 



1 1 1 I 1 1 1 1 I 1 1 
VCC 1002 

SBc(r) 
K' = 9.38 







2 



Fig. 5. Continued. 



Log A (/xm) 



ated with any event of star formation as traced by the Ha 
image, as shown by Boselli & Lequeux (1997). This ob- 
servational evidence, along with the fact that most of the 
SEDs of the Mid-IR emission of the early-type galaxies in 
the present sample seem to follow the Rayleigh- Jeans tail 
of the cold stellar component at about 3500 K, suggests 
that the average value listed in Table 2 can be used, at 
least as a first approximation, to empirically estimate the 



stellar contribution to the Mid-IR emission of later-type 
galaxies. 



Boselli et al. ( 1997a ) have shown that there is a clear 
correlation between the Far-IR emission and the UV flux 
of galaxies, while in the Mid-IR the 6.75 and 15 fim nor- 
malized fluxes are proportional to the star formation rate 
only for low or moderate activities. Galaxies with strong 
UV radiation fields have, in general, a lower Mid-IR emis- 
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sion. This result can be seen in Fig. 4, where we plot the 
distribution of the spectral flux (a) and energy (b; de- 
fined as vY v normalized to the energy in the K' band) 
for galaxies divided into 4 different classes of UV/K' flux 
ratios. Arbitrary thresholds on the UV/K' ratios are cho- 
sen to include in each group a similar number of objects. 
The difference between the UV to K' flux ratio of galaxies 
belonging to the 4 different classes is not the result of a se- 



lection due to the internal extinction in the UV flux, since 
all galaxies are well mixed in inclination, but is real and 
reflects the properties of the UV radiation field in their 
ISM. 

Black bodies with a temperature of T=20000 K, 6000 
K and 3500 K are fitted by eye to the UV, optical and near- 
IR data, while a modified (A~ 2 ) black body with T=30 
K is fitted by eye to the cold dust component emitting 
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in the Far-IR. The stellar emission of galaxies with log 
UV/K' < -2.8 is dominated by the cold component peaked 
in the near-IR. A hot stellar component (T=20000 K) is 
not needed to explain the UV emission of these galaxies, 
which is probably due to stars of intermediate mass and 
temperature. The cold stellar component (A ~ 1 /xm) also 
dominates the peak of the energy distribution, with an en- 
ergy balance ~ 100:1 between the optical-near-IR and the 



UV at 2000 A. A typical case is the SO/Sapec VCC 1003. 
The Mid-IR emission of these galaxies is dominated by the 
Rayleigh-Jeans tail of the cold stellar component at about 
3500 K. As for galaxies with log UV/K' < -2.8, the stellar 
emission and the energy distribution of galaxies with -2.8 
< log UV/K' < -2.0 is dominated by the cold component 
peaked in the near-IR. A typical case is the Sab(s) VCC 
1727. These galaxies are quiescent in the Mid-IR and in 
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Fig. 8. Continued. 



Table 2. Mid-IR to near-IR properties of the early-type galaxies of our sample; values are given in logarithmic scales 



vcc 


NGC 


type 


F6.75fj,m/K' FlSfim/K' Fe.7Sfi,m/ 


1146 


4458 


El 


-0.69 


-0.81 


0.13 


1030 


4435 


SBO 


-0.53 


-0.80 


0.28 


1978 


4649 


SO 


-0.84 


-1.30 


0.46 


1003 


4429 


SO/Sap 


-0.77 


-1.02 


0.25 


1196 


4468 


SO/a 


-0.93 


< -0.72 


> -0.21 


1253 


4477 


SBO/SBa 


-0.79 


-1.46 


0.66 


1368 


4497 


SBO/SBa 


-0.87 


< -0.98 


> 0.11 


2087 


4733 


SBO/a 


-1.01 


-1.72 


0.71 


average (detected 






-0.80 


-1.18 


0.42 


galaxies only) 












standard 






0.15 


0.37 


0.22 


deviation: 













the Far-IR if compared to the intermediate-class objects 
(-2.0 < log UV/K' < -1.0), which are also characterised by 
a higher contribution of the young stellar component to 
their global stellar emission (as for example VCC 1987). 
The galaxies with the most intense UV radiation fields (log 
UV/K' > -1.0), whose stellar emission and energy distri- 
bution are peaked at optical wavelengths, have the most 
intense Far-IR emission for the sample galaxies. However 
their Mid-IR emission is comparable to that of the ob- 
jects with an intermediate star formation activity. A typi- 
cal case is the BCD galaxy VCC 459. It is also interesting 
to mention that in some BCDs (VCC 1, VCC 24, VCC 
848) the emission at 6.75 /im follows the SED of a cold 
stellar component, while at 15 /im the dust emission is im- 
portant. However if the stellar emission of these galaxies 
is dominated by hot stars, a black body at 3500 K over- 
estimates the stellar flux at 6.75 /im, and there must be 
some dust emission at this wavelength. 

To identify the heating sources of the dust emitting in 
the Mid- and Far-IR, we plot on Fig. 5 the relationships 
between the 6.75, 15 and 100 fjxa fluxes normalized to the 



K' flux (first line) and to the UV flux (second line) versus 
the UV to K' flux ratio, which is widely used as a star 
formation tracer. 

The strong relationship observed between the flux at 
100 /im and the UV flux confirms that the big grains re- 
sponsable for the 100 /im emission are heated by UV pho- 
tons. The ratio of the energies emitted in the Far-IR and 
in the UV is strongly related to the UV flux, is close to 
unity in low-mass galaxies (open dots), and is > 10 in 
high-mass, quiescent early- type spirals (filled dots). This 
strong relationship can be partly due to the effect of the 
extinction, which is expected to be higher in higher-mass, 
quiescent galaxies (Buat & Xu 1996| ), and in part to the 
fact that optical photons might significantely contribute 
to the heating of the dust gr ains in the quiescent sample. 
As shown by Boselli et al. ( 1997a[) , in low-mass galax- 
ies with a strong star formation activity (open dots) the 
Mid-IR emission at 6.75 /zm and marginally at 15 /im, 
is anticorrelated with the intensity of the UV radiation 
field, while the fluxes at 6.75 and 15 /im are well cor- 
related with the UV flux in massive spirals (filled dots). 
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Fig. 9. The spectral energy distribution in fluxes (a) and in energy (b) defined as v¥ v of the detected galaxies in 4 different 
classes of UV/K' flux ratios. The dashed line indicate black bodies at 20000, 6000 and 3500 degree Kelvin and a modified black 
body (A~ 2 ) for the dust component at 30 K. 
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At the same time, the energy balance between UV pho- 
tons and the Mid-IR emission does not hold in galaxies 
with an intense UV radiation field because these galaxies 
are relatively transparent to UV radiation. The Far-IR 
to UV energy ratio versus UV/K' relationship is shared 
in the Mid-IR only by massive spiral galaxies; in the 
dwarf population (open dots) the relationship between 

V6.75pmFc6.75nm/ V 2 000A^' Vw.OftmFciS.Oum/ U 2 Q00A^ 

and the UV to K' flux ratio has steeper slopes, indicating 
that the relation between the inciding UV photons and 
the emitting dust grains changes in strong UV radiation 
fields. The contribution of optical photons to the heating 
of the dust grains emitting in the Mid-IR is negligible be- 
cause of their small physical dimensions, thus the Mid-IR 
to UV energy ratio vs. UV/K' relationships are probably 
entirely due to the extinction. 



4-3. Mid-IR and Far-IR dust emission of late-type galax- 
ies 

Using as template the small sample of early-type galaxies 
listed in Table 2, we can estimate and remove the average 
stellar contribution to the total Mid-IR emission of the 



target galaxies. We thus obtain that the corrected fluxes 
at 6.75 and 15 /jm are given by the relations: 

LogFc6.75y.ml ' K' = Log(F 6 /K'- 0.158) (6) 

and 



LogFci5.0fj.m/K' = Log(Fi 5 . 0tim /K' - 0.063) 



(7) 



As shown in Fig. 6, when the corrected Mid-IR val- 
ues are used, a relationship between the Mid-IR and the 
Far-IR emission is observed even at low dust emissions. 
Given the large uncertainty in the determination of the 
stellar contribution to the Mid-IR emission of early-type 
galaxies, this method is reliable only for objects whose 
emission at 6.75 and 15 /xm is dominated by dust, thus 
we exclude from the following analysis all objects with 
log F 6 .75 pm /K' < -0.55. Corrected fluxes at 6.75 and 15 
/im are used throughout the following analyses. In Fig. 7 
we plot the Mid- and Far-IR colours as function of the 
UV/K' flux ratio, the K' magnitude and th e mo rpholog- 
ical type, coded as in Gavazzi & Boselli ( 1996 ): 3=Sa, 
4=Sab, 5=Sb, 6=Sbc, 7=Sc, 8=Scd, 9=Sd, amorphous 
or peculiar, 10=Sm, ll=Im, 12=BCD, 13=Sm/BCD, 
14=Im/BCD. 
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Fig. 11. The relationship between the normalized Far-IR emission at 100 /im and the Mid-IR 6.75 /im and 15 /im emission 
uncorrected (upper panels) and corrected (lower panels) for stellar contribution for the detected galaxies. Open symbols indicate 
early-type galaxies, filled symbols late-type objects. The dashed line indicate the average value found for early-type galaxies. 



Figure 7 clearly shows that the dust properties in the 
Mid- and in the Far-IR are completly different in galax- 
ies of different morphological type and/or mass or lumi- 
nosity, characterised by a different UV interstellar radia- 
tion field. While the Far-IR F 60pim /F W0pim and Mid-IR 
Fc6.75/im/Fci5/im uux ratios are completely independent 
of the UV radiation field, the mass and the morphologi- 
cal type of the parent galaxy, the mixed Fc6.75^m/Fioo^m 
and Fci5fj, m /F loo fj, m flux ratios are strongly anticorrelated 
with the UV radiation field, the K' luminosity and the 
morphological type. □ First of all it must be noticed that 



s The object with 

Fc6.75m"i/Fioom™=-2-35 and Fcis^m/Fioo^m which does not 
follow the general trend in Fig. 7 is the Sa galaxy VCC 1326. 



both the Far- and the Mid-IR colours Fgo^m/Fioo^m and 
Fc6.75^m/Fci5Atm are quite similar in galaxies spanning 
a large range (more than 2 orders of magnitude) of star 
formation rates, and thus that at least for " normal" , opti- 
cally selected galaxies the infrared colours cannot be used 
as tracers of star formation. The same result has been 
obtained using other less direct star formation indicators 
such as the B-K' and U-B colours, and is valid for galaxies 
of all morphological types later than Sa, spanning a large 
range in absolute magnitude. This result seems in con- 
trast with the general assumption that Far-IR colours are 



The SED of this object shows that at least at 6.75 fiva. the 
Mid-IR flux can be strongly contaminated by stellar emission 
even if its log F6.75a™/K' > -0.55. 
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Fig. 12. The relationship between the Mid- and Far-IR colours Fce^Snm/Fiooum (first line), Fcis^m/Fioo^m (second line), 
Feo/jm/FioOfjm (third line) and Fc6.75Mm/Fci5/jm (fourth line) and the normalized UV flux (first column; open dots are galaxies 
with K' mag > 10, filled dots objects with K' mag < 10), the K' magnitude (second column; open dots are galaxies with 
morphological type later than Scd, filled dots with morphological type earlier than Sd) and the morphological type coded as 
described in the text (third column; open dots are galaxies with K' mag > 10, filled dots objects with K' mag < 10). The 
Mid-IR flux densities have been corrected for stellar contribution as described in the text; all galaxies have uncorrected log 
F6.75nm/K' > -0.55. The object with Fc6.75Mm/Fi00Mm=-2.35 and Fci5Mm/Fi o M m which does not follow the general trends is 
the Sa galaxy VCC 1326. The SED of this object shows that at least at 6.75 fim the Mid-IR flux can be strongly contaminated 
by stellar emission. 
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good indicators of star formation (Hclou 1986). It must 
be however noticed that most of the previous work was 
based on Far-IR selected samples which includes Far- 
IR bright galaxies such as starburst and active galaxies 



Mid-IR. Madden et al. (1997), by analysing a large sam 



(Helou 1986), not included in the Virgo optically selected 



sample. Sauvage & Thuan (1994) have however shown that 



the 60 to 100 /im flux ratio does not increase monotoni- 
cally from E-SO to late-type spirals and irregulars as ex- 
pected from current dust models (e.g. Desert et al. 1990 ) 



if the Far-IR colour is simply related to the UV radia- 
tion field or to the star formation activity of the parent 
galaxy. Sauvage & Thuan (1994) interpreted this obser- 
vational evidence as the result of the fact that, at least 
in galaxies of type E-SO to Sbc, the Far-IR colours are 
mostly controlled by the spatial distribution of dust rela- 
tive to stars, and not by the star formation activity as in 
later-type objects. Given the large intrinsic dispersion in 
the Far-IR colours in each morphological class, the present 
data do not exclude that the trend observed by Sauvage 
& Thuan ( |1994| ) is present. 

As already shown by Boselli et al. ( 1997a ), the mixed 
colours Fc 6 . 75(tim /Fioo M m and F c 15 fim/~F 'loo are anticor- 
related with the UV radiation field: galaxies with a strong 
star formation activity have in general a higher Far-IR 
to Mid-IR emission. Given the strong inverse relation- 
ship between the surface density of young ionizing stars 
and the luminosity or mass of a galaxy (Gavazzi et al. 



1996), the strong anticorrelation between the flux ratios 

Fc6.75Mm/FiooA«n anci F 'c 15 /wn/F 'loo jum and the UV flux 
can be translated into a well defined relationship between 
the flux ratios Fc6.75Mm/Fioo^m and F C i5 M m/Fioo M m and 
the mass of a galaxy. A relationship with a larger dis- 
persion is also observed between the mixed Mid- to Far- 
IR colours and the morphological type. It is interesting 
to note that it is the near-IR luminosity more than the 
morphological type that discriminates the behaviour of 
the Mid- to Far-IR flux ratio of a given object, with 
luminous and massive galaxies characterized by a given 
Fc6.75Aim/Fi00A<.m and F C i5 M m/Fioo M m flux ratio and low 
mass objects with smaller Mid- to Far-IR flux ratios. 

5. Discussion and conclusion 

The availability of an unbiased, optically-selected and 
complete sample allows us to statistically draw the aver- 
age Mid-IR properties of "normal" galaxies. We present 
for the first time the Mid-IR luminosity distribution at 
6.75 and 15 /im of a complete, optically-selected sample 
of late-type galaxies. 

The present analysis clearly shows that the Mid-IR 
emission of ellipticals and lenticulars (morphological range 
E-SO/a) is dominated by the Rayleigh- Jeans tail of the 
photospheric emission of the cold stellar component emit- 
ting in the near-IR. This is still true for some early-type 
quiescent spirals. Figure 3 however does not exclude that 
some of these early-type objects have dust emitting in the 



pie of early-type galaxies observed with ISOCAM, have in 
fact shown that many objects characterized by the pres- 
ence of atomic or molecular gas, or by nuclear star forma- 
tion, have a Mid-IR emission already dominated by the 



dust at A > 6 /im (Madden et al. (1997); Madden et al. in 
preparation) . 

In late-type galaxies the Mid-IR emission is generally 
dominated by dust. The strong relationship between the 
integrated UV flux at 2000 A and the Mid-IR emission 
(both normalized to the mass of the galaxy) observed by 
Boselli et al. (1997a) indicates that the very small dust 



grains and the UIB carriers responsible for the emission at 
6.75 and 15 /zm are heated preferentially by hot, massive 
stars. This is also confirmed by the good morphological 
correspondance between the peaks of the emission at 6.75 
and 15 /im and the Ha images of some nearby, bright well- 
resolved late-type galaxies (Sauvage et al. 1996, Boselli & 
Lequeux 1997). However these dust grains and UIB carri- 
ers can also be heated by the visible light of evolved stars 
if its radiation density is large, as shown for example by 
the fact that elliptical galaxies with little UV radiation or 
the bulge of M 31 also exhibit 6.75 and 15 /zm dust emis- 
sion (Madden et al. in preparation; Cesarsky D. et al. in 
preparation; Uchida et al., 1997). 

However in low-luminosity late-type galaxies Boselli et 
al. (1997a) have shown that the integrated Mid-IR emis- 
sion does not follow the mean UV radiation field: the Mid- 
IR emission of these objects does not increase, and may 
even decrease for high Far-UV fluxes. Figure 7 also shows 
that for such objects the ratio of the Mid-IR flux to the 
Far-IR flux decreases at low K' luminosities or small to- 
tal masses (and strong Far-UV radiation fields). All this 
points to a lack of very small grains and UIB carriers in 
low-luminosity late-type galaxies, both per unit mass of 
gas and relative to the big grains that are responsible for 
the Far-IR emission. There are two possible explanations 
for this trend. 

One can be the effect of metallicity (Sauvage et al. 
1990). One expects a lower dust/gas mass ratio for these 
galaxies since the grains are mostly made of heavy ele- 
ments, but this does not necessarily imply a lower small 
grain/large grain ratio. However such a lower ratio could 
result from a second-order effect: the lower abundance of 
carbon with respect to oxygen (and probably to silicon) 
might lower the abundance of carbonaceous grains which 
are often believed to dominate the Mid-IR emission in 
our Galaxy, relative to that of silicate grains which are 
less efficient emitters (see e.g. Dwek et al. 1997). Then the 
overall Mid-IR emission will decrease with respect to the 
Far-IR one which is believed to be always dominated by 
silicates. 

The other possible interpretation of the low Mid- 
IR/Far-IR emission ratio has been proposed by Boulanger 
et al. (1988) who suggested that in radiation fields larger 
than ~ 50 times that in the solar neighborhood up to 80 
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% of the grains emitting in the Mid-IR can be destroyed 
by UV photons. Such a high radiation field exists in large 
fractions of the volume of the dwarf galaxies with K' > 10 
mag. 

With the present data we cannot chose between these 
two interpretations, which in fact may hold simultane- 
ously. A study of the ISO data base when available will 
probably allow to solve this problem. 
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